The nutritional adequacy of a commercial low-phenylalanine diet (Diet LF) has been investigated in infant rhesus monkeys. All animals were fed a control diet (Diet CD) during the first month of life. Thereafter, animals in Group A were fed LF until seventy-five days of age. T h~s diet was then supplemented with 0.1 g of L-phenylalanine per kilogram of body weight until 105 days of age and with 0.2 g of L-phenylalanine per kilogram from 105 to 135 days of age. Animals in Group B were fed LF supplemented with an amount of L-phenylalanine equal to that contained in CD (0.087 g/100 ml) from 30 to 135 days of age. For the remainder of the first year of life, all animals were again fed CD. Animals in Group A developed growth failure, anemia, hypoproteinemia, dermatitis, edema, hypophenylalaninemia and elevated levels of several other free amino acids in serum when fed LF. The addition of supplements of L-phenylalanine corrected hypoproteinemia, hypophenylalaninemia, and anemia, but improvement of dermatitis and growth rates were not seen until the animals were again fed CD. Animals in Group B developed dermatitis and elevated levels of several of the free amino acids in serum but showed no other biochemical or clinical evidence of phenylalanine deficiency. After one year of age, all animals were evaluated for learning behavior. There was a significant decrease in the learning ability of animals in Group A, while that of animals in Group B was comparable with that of control animals.
Introduction
Diets deficient in protein or specific amino acids currently provide the only practical therapy for those inborn errors of amino acid metabolism that, unless treated, result in mental retardation or death [25] . While the benefits of such diets, in minimizing the potential damage to the central nervous system, are generally accepted [2, 9, 361 , inappropriate use has been reported to produce adverse effects and malnutrition in children [l, 3, 4, 7, 13, 15, 16, 22, 27-31, 37, 39, 411 . The nutritional requirements for growth and the normal patterns of physical, biochemical, and behavioral development of several subhuman primates have been sufficiently established to indicate the usefulness of these species in studies related to human biology. In order to determine the value of these species in establishing the nutritional adequacy of synthetic diets that may be proposed for use in children with metabolic disorders, a commercial low-phenylalanine diet was investigated in infant rhesus monkeys.
Materials and Method5
Infant rhesus monkeys (Macaca mulatta) from fullterm, normal pregnancies were separated from their mothers within 6 hours after birth and transferred to individual, heated cages. For the remainder of the first 24 hours of life, the infants were fed a 10 % glucose solution at four-hour intervals; during the second day, this diet was supplemented with equal volumes of a commercial milk preparation (control diet, CD) [42] . Thereafter, the infants were fed CD ad libitum at fourhour intervals for the first 30 days of life; this feeding schedule was continued for both control and experimental diets for the remainder of the first year. Daily supplements of vitamins [43] were provided after 3 days of age. Records were kept on dietary intake, body length, weight, head circumference, and signs of clinical health. In two animals, linear measurements were not obtained prior to initiation of the experimental diet.
Experimental Group A was composed of four animals fed a commercial low-phenylalanine diet (LF) [44] with an amount of 0 a l equal to that contained in CD (0.087 g/100 ml) from 30 to 135 days of age. Subsequently, these animals were also returned to CD.
The compositions of the diets CD and LF are indicated in table I. Control data on the free amino acids in serum was provided by a group of 10 normal infant monkeys fed CD ad libitum during the first year of life [23] . A group of 8 animals fed the same diet defined the normal rates of linear and weight growth. At 1 year of age, after receiving CD for a minimum period of 5 months in order to evaluate 'catch up' growth, the diet of all animals was changed to a commercial ration [46] to help evaluate learning performance. Samples of venous blood were obtained at 2-week intervals while the animals were receiving the experimental diets. All samples were obtained four hours after a regular feeding. Hematologic data was obtained by standard clinical methods. Total proteins in serum were analyzed by a micro-Kjehldahl method 1261; after separation by micro-zone electrophoresis, individual proteins were analyzed on a Beckman/Spinco Analytrol. Following acidification and high-speed centrifugation of serum [17] , the free amino acids were stored frozen and subsequently analyzed by the method of SPACKMAN et al. [34] using a Beckman/Spinco automatic amino acid analyzer. An internal standard of 8-2-thienylalanine was incorporated with each serum sample. Recovery of the standard in this series of experiments was 98.70*4.78% (mean f 1 standard deviation). Cystine and tryptophan were not evaluated because these amino acids are unstable during storage 1111 and because of the potential errors that result from albumin-binding of tryptophan [17] . A decrease in glutamine and an increase in glutamic acid have been reported to occur coincident to prolonged storage of plasma samples [ l 11 ; although glutamine is also metabolized to compounds other than glutamic acid, values for these two amino acids were combined.
Three discrimination tests were used in evaluating the learning behavior of animals in each of the dietary groups [20] . The first test involved 20 object discrimination problems in which the monkey responded by displacing one of two objects covering food wells in a standardized Wisconsin General Test Apparatus [20] . The objects differed in multiple dimensions and a food reward was consistently placed under the same object. The monkey was required to identify and displace the correct object, irrespective of position. In the second test, 'staircase delayed response', the food reward was conspicuously placed in one of the two food wells, which were then covered with identical objects. After a delay interval, the monkey was required to remember and respond to the rewarded position. The delay interval increased in 5-second increments following two correct responses and decreased in 5-second increments subsequent to an error. Group comparisons were made at the maximum delay interval achieved. The final test, 'object discrimination learning set', involved an extended series of 500 object discrimination problems Data kindly provided by manufacturers. using 6 trials per problem. Animals were compared with regard to performance on trial 2, trials 2 through 6, and on maximal performance on trial 2 in each block of 100 problems. The significance of differences in learning behavior was ascertained by means of an unweighted unequal Ns analysis of variance, using the method of individual degrees of freedom.
Results
All animals demonstrated normal growth rates when fed CD during the first month of life. Although a change in taste was introduced with the experimental diets, the mean volume and caloric intake per kg of body weight was not reduced below that of the control group ( fig. 1 ). Addition of 0alsupplements did not noticeably alter dietary volume in either of the experimental groups. Despite this normal dietary intake, animals in Group A showed a cessation of weight gain within 10 days after being fed the 0al-deficient formula ( fig. 2 ).
Provision of supplemental 0 a l at 75 and 105 days of age did not improve the rate of weight gain significantly, but a rapid gain in weight occurred when the animals were again fed the control diet. Measurements of body length and head circumference revealed a comparable arrest in linear growth, and a marked improvement was again apparent when the diet was later changed to CD ( fig. 3 ). Animals in Group B demonstrated normal rates of weight and linear growth throughout the entire experiment ( figs. 2 and 3) .
Lethargy, anorexia, diarrhea, hair depigmentation, dermatitis, and edema developed in the animals in Group A when fed unsupplemented LF. Two of the four animals in this group became critically ill. For one animal, it was necessary to add 0 a l to the deficient diet earlier than planned; the 0.1 g/kg and the 0.2 g/kg supplements were added at 60 and 90 days of age, respectively. This animal died at 116 days of age without showing any clinical improvement other than a modest weight gain that probably reflected increased edema fluid. The primary cause of death was pneumonia; autopsy did not reveal other abnormalities. Addition of the 0 a l supplements at the appropriate ages did not reverse clinical deterioration in the second animal, and CD was provided earlier than planned, at 107 days of age. It was necessary to feed CD for 20 days before clinical improvement occurred. The other two animals in Group A were less seriously debilitated; addition of the 0 a l supplements appeared to stop the progression of the clinical signs of malnutrition. These signs were not reversed, however, until the animals were again fed CD. Animals in Group B developed dermatitis, the only clinical evidence of malnutrition.
Hypoproteinemia, primarily reflecting reduced levels of albumin in serum developed within several weeks after initiation of unsupplemented LF (fig. 4) . It Fig. 2 . The weight gain of infant monkeys fed the con- Fig. 3 . The body length and head circumference of introl diet (stippled area), the phenylalanine-deficient fant monkeys fed the control diet (stippled area), the diet (a-a), and the deficient diet supplemented with phenylalanine-deficient diet (a-a), and the defi-L-phenylalanine (7-v) .
cient diet supplemented with L-phenylalanine (v-v).
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was impossible to define consistent changes in the levels of other serum proteins. In contrast to the lack of apparent effect on physical growth, addition of the 0.1 g/kg 0 a l supplement resulted in an immediate improvement inserum albumin levels; all animals showed normal levels of proteins in serum by the time the diet was changed to CD. In the animals in Group B, there were no significant changes in serum proteins throughout the study.
In both experimental and control groups, levels of free amino acids in serum exhibited a wide range of values for each amino acid, but certain trends were apparent. A marked reduction in levels of 0 a l ( fig. 5 ) and tyrosine was consistently present during periods when unsupplemented LF was consumed. The supplement of O.lg/kg 0 a l improved the values for these two amino acids, but normal values were not attained in all animals until the 0.2 g/kg supplement was provided. Low values were not noted for any of the other amino acids, but values for severaI, most notably serine, threonine, arginine, and glycine, were increased in the serum of animals in Group A. These amino acid levels tended to approach normal values when the 0 a l supplements were added to diet, and only levels of serine and threonine were significantly elevated by the time CD was again provided. Values for animals in Group B showed the same general patterns of change, with the exception that levels of 0 a l in serum were not reduced. In addition to the amino acids previously mentioned, levels of leucine and lysine were also higher than levels in the serum of control animals. Anemia became apparent within 2 weeks after initiation of LF; reticulocytosis and recovery occurred when 0 a l supplements were added ( fig. 6 ). Animals in Group B showed no significant hematological changes.
Object discrimination and delayed response tests revealed no significant differences in the learning behavior of experimental and control groups. Animals in Group A, however, were significantly less capable than were controls in learning set performance, using performance on trial 2 (F = 25.2, p < 0.001) ; trials 2-6 (F = 13.4, p < 0.01); and maximal performance on trial 2 (F = 29.0, p < 0.001) (fig. 7) . The performance of animals in Group B was comparable with that of the control group. 
Discussion
Phenylketonuria (PKU) is caused by a deficiency of the hepatic enzyme phenylalanine hydroxylase that converts 0 a l to tyrosine [24] . In the absence of this enzyme, 0 a l and its metabolic by-products accumulate in blood and urine.
In an attempt to circumvent the potentially dangerous effects of hyperphenylalanemia, a synthetic diet containing enough 0 a l for synthesis of essential proteins, but not enough to produce hyperphenylalanemia, was introduced by BICKEL et al. in 1951 [6] . LF, the diet used in the present study, is available commercially. It is an enzymic hydrolysate of casein, which Fig. 7 . Trial 2 learning set performance of infant mon-provides 'protein equivalents' in the form of peptides keys fed the control diet (stippled area), the phenyland amino acids. 0 a l is removed by absorption with alanine-deficient diet (e-e), and the deficient diet charcoal, and the diet is then supplemented with mesupplemented with L-phenylalanine (v-v). The thionine, tyrosine, tryptophan, minerals, vitamins, left side of the graph indicates the mean values of the fats, and carbohydrates. experimental groups, and the right side indicates the In a study utilizing a synthetic diet that contained maximum performance of the individual monkeys.
a mixture of 18 amino acids as the source of nitrogen, SNYDERMAN et al. [32] concluded that the minimal daily Oal requirement for human infants was approximately 90 mg/kg of body weight. The clinical impression that only a narrow margin of safety separated the therapeutic reduction from the reduction that may give rise to symptoms and signs of deficiency has recently been substantiated by HANLEY et al. [19] . They compared the physical and intellectual growth of two groups of infants with phenylketonuria. One group received 25-50 mg Ballkg body weight124 h; the other received a more liberal allowance of 75-150 mg/kg body weight124 h. The latter group demonstrated a more normal developmental pattern. In a comparable study, FISCH et al. [16] reported that growth rates of children with phenylketonuria were less satisfactory when a low-0al diet was prescribed than when no dietary management was attempted. Accordingly, unless carefully monitored, use of low-0al diets, and presumably any synthetic diet, may result in significant developmental retardation. The critical importance of adequate amounts of each of the essential amino acids for protein synthesis and growth has been confirmed by the present study. Although the caloric intake per kg body weight of animals receiving the deficient diet was equal to or greater than that of control animals, the rates of linear and weight growth were markedly abnormal in the former. This growth abnormality was prevented solely by addition of 0a1, as demonstrated by the normal growth of animals in Group B. Hypoproteinemia, which developed in animals in Group A, was also prevented or corrected by addition of 0 a l to the deficient diet. Furthermore, since the dietary intake per kg body weight of hematopoietic trace elements and iron was identical in both groups, the finding that anemia devcloped only in animals in Group A indicates the relation between amino acid nutrition and the maintenance of normal hematological status.
Some factor other than 0 a l deficiency was responsible for the dermatitis that developed in all animals fed LF; this factor could not be identified by comparing the compositions of the two diets used. With this exception, however, and contrary to suggestions that a vitamin or choline deficiency is responsible for the malnutrition that may result from use of synthetic diets [39] , it is apparent that the majority of the clinical problems associated with the low 0 a l diet used in the present study were prevented by the addition of 0 a l .
A wide variety of abnormalities in amino acid metabolism have been reported in conditions of 'protein malnutrition' in humans [14] and in experimental animals [lo] . Under these conditions, plasma levels of free amino acids in humans are usually low for the 'essential' amino acids leucine, isoleucine, valine, lysine, and tyrosine, and are normal or elevated for the 'nonessential' amino acids [l4, 21, 331 . Eventually, in the more serious cases, levels of all amino acids are low [2 11 . A different pattern of change was evident in the present study; although a wide range of values was found at each stage, the total value of all amino acids analyzed in both experimental groups was higher than the levels found in control animals. Most of the increase was ascribed to the nonessential amino acids, but levels of several of the essential amino acids were also elevated. The abnormalities in the levels of both essential and nonessential amino acids, and in the total value of all the amino acids analyzed, were largely corrected following addition of the 0 a l supplements.
An explanation for the elevation in levels of certain amino acids, at a time when levels of others were not significantly altered, is obscure; nor is it clear why addition to the diet of the single amino acid known to be deficient prevented malnutrition but did not prevent development of an abnormal pattern of free amino acids in serum. Although the amino acid composition of LF was quantitatively different from that of CD (table I) , these differences do not entirely explain the discrepancies between the patterns of the free amino acids evident in the serum of animals under study.
Linear growth of children fails in conditions of protein malnutrition and may be unresponsive to subsequent establishment of optimum nutrition [18] . Of particular concern are the animal studies showing alterations in neurochemistry that accompany malnutrition early in life [8, 401 and the frequency with which early nutritional deprivation is associated with later behavioral disabilities in humans and rats [12, 351. I n the present study, all animals received the control diet for at least five months prior to evaluation of learning behavior; the significant decrease in learning ability, which was evident in the animals fed unsupplemented LF, suggests that a permanent disability had been produced by this diet.
The behavioral tests used in these experiments were designed to evaluate specific aspects of learning [20] . The 'object discrimination learning set' is the most informative, sensitive, and difficult test, measuring the capacity of the animals to improve sequentially the ability to solve object discrimination problems [38] . This test is sensitive to phyletic position, certain experimental lesions of the brain, and maturational changes. The data obtained from the animals in Group A fed LF demonstrated evidence of significant and permanent intellectual impairment. Performance of animals in Group B fed LF supplemented with 0 a l was not significantly different from that of the control group.
The values for free amino acids reported in the rhesus monkey are higher than those in the human [23] ; it is apparent, however, that the M. mulatta infant shares with the human infant the potential for being adversely affected by a diet deficient in essential amino acids. In both species, malnutrition will inevitably follow the use of diets deficient in essential nutrients. Such diets may be evaluated usefully in infant rhesus monkeys prior to use in children with metabolic disorders.
